Here we report the cloning of a sucrose transporter cDNA from maize (Zea mays L.) and an analysis of the expression of the gene. A cDNA clone (ZmSUTl) was identified as a sucrose transporter cDNA from its sequence homology at the amino acid level to sucrose transporters that have been cloned from other higher plant species. Based on the results of genomic Southern hybridization, ZmSUTl appears to be a single copy gene. A Northern blot analysis of seedlings and leaf blades suggests that the sucrose transporter is involved in the export of accumulated carbohydrates from source leaf blades. From the measurements of transcript levels and carbohydrate contents in mature leaf blades, we propose that the expression of the gene for the maize sucrose transporter is positively regulated by the amounts of soluble sugars such as sucrose arid glucose in source leaves of maize. In addition, based on the tissue specificity of the expression of the gene in maize plants at the reproductive stage, it is possible that the sucrose transporter acts in sink tissues such as pedicels as well as in source tissues such as leaf blades.
In higher plants, sucrose is a major end product of photosynthetic carbon assimilation and the main form of carbohydrate used for long distance transport. In photosynthetic tissues, the sucrose is loaded into the phloem cells symplastically and/or apoplastically and translocated to sink organs via the sieve tubes of the phloem (van Bel 1993) . In the process of apoplastic phloem loading, a sucrose/H + symporter protein plays an important role in active uptake of sucrose from the apoplast into the companion cell-sieve tube complex (Ward et al. 1998) . The cDNAs of the sucrose transporters have been so far cloned from many dicot species (Riesmeier et al. 1992 ,1993 Abbreviation: PPDK, pyruvate.Pj dikinase. The nucleotide sequence reported in this paper has been submitted to the DDBJ, EMBL and GenBank with accession number AB008464. 5 To whom correspondence should be addressed. Fax, +81-298-38-6650; E-mail, naoki@ss.jircas.affrc.go.jp and Stolz 1994, Gahrtz et al. 1994 , Weig and Komor 1996 , Weber et al. 1997 , Biirkle et al. 1998 , Shakya and Sturm 1998 and one monocot species, rice (Hirose et al. 1997) . Even though many reports have been conducted on the cDNA cloning of sucrose transporters, regulation of the expression of the gene, even in mature source leaves, is poorly understood. Kuhn et al. (1997) reported that the expression of the sucrose transporter in source leaves of potato and tomato was diurnally regulated at both the mRNA and protein levels and that the half-time of protein turnover is in the range of a few hours. This high turnover rate would imply that a specific mechanism is involved in controlling the expression of the sucrose transporter in the leaves (Ward et al. 1998) .
Sucrose is the main translocating carbohydrate in Zea mays L. (Hofstra and Nelson 1969) , as it is in many other plants. Because maize is a C 4 species having two types of photosynthetic cells (mesophyll cells and bundle sheath cells), sucrose has to move from the mesophyll cells where it is synthesized (Furbank et al. 1985) , through the bundle sheath cells, to the vascular bundle where it is loaded into the sieve tubes. Evert et al. (1978) proposed from observations of plasmodesmal frequencies between various cells in maize leaves that both apoplastic and symplastic transport pathways are present in the phloem. In relation to the apoplastic phloem loading for long distance transport of photoassimilates, the existence of a sucrose/H + symporter has been implied by several experimental findings, e.g., an accumulation of [ 14 C]sucrose in the phloem from free space (Fritz et al. 1983 ), a steep pH rise in vascular bundles perfused with sucrose, and so on (reviewed in Prioul 1996) . However, to our knowledge, the maize sucrose transporter gene has not yet been isolated. Here we report the cDNA cloning of a gene for a sucrose transporter from mature leaf blades of maize. The role of the sucrose transporter in maize and the control of expression of the gene in the leaf blade are discussed in light of the results of Northern hybridization experiments.
Materials and Methods
Plant materials-Seeds of maize (Zea mays L.) were sown in soil and grown in a greenhouse under natural temperature and light conditions or in an environmental chamber at 28°C with a 14-h light/10-h dark cycle. For isolation of total RNA and a Northern blot analysis, a maize cultivar "Golden Cross Bantam" was used. Two inbred lines of Z. mays L., A188 and Na21, were used for isolation of genomic DNA for a Southern blot analysis. The A188 and Na21 seeds were kindly provided by Dr. Teruo Ishige (Agriculture, Forestry and Fisheries Research Council Secretariat, Tokyo, Japan) and Dr. Masanori Muraki (National Grassland Research Institute, Tochigi, Japan), respectively. All samples collected for the following experiments were frozen in liquid nitrogen and stored at -80°C until further analysis.
cDNA cloning-For cDNA library construction, total RNA was isolated from mature leaves of 14-d-old plants by the guanidine thiocyanate/CsCl method of Chirgwin et al. (1979) . A cDNA library was constructed using a ZAP-cDNA synthesis kit (Stratagene, La Jolla, CA, U.S.A.) according to the manufacturer's directions and screened with the full length of the rice sucrose transporter cDNA (OsSUTl, Hirose et al. 1997) , using the ECL direct nucleic acid labeling and detection system (Amersham Life Science, Buckinghamshire, England). Positive clones were excised in vivo and subcloned into pBluescript SK-(Stratagene). The DNA sequence was determined by the dideoxy-chain termination method using an ABI 373S DNA sequencer (Perkin-Elmer Applied BioSystems, Foster City, CA, U.S.A.).
DNA extraction and Southern blot analysis-Genomic DNA was extracted from mature leaf blades of 14-d-old plants according to the method of Murray and Thompson (1980) , digested with restriction enzymes (EcoRl, Hindlll and Xhol), separated on 0.7% agarose gels, transferred to a nylon membrane (Hybond-N, Amersham Life Science) and hybridized with a radiolabeled DNA probe. The hybridized membrane was washed twice with 2 x SSC (150 mM NaCl, 15 mM sodium citrate) plus 0.1% SDS at room temperature for 5 min and with 0.2 x SSC plus 0.1% SDS at 65°C for 1 h and then exposed to X-ray film for a day.
RNA extraction and Northern blot analysis-The total RNA from various tissues of maize plants was isolated according to the SDS/phenol method of Shirzadegan et al. (1991) . In the case of the leaf blades of 14-d-old plants, total RNA was more rapidly isolated using an extraction buffer containing 2 mM aurin tricarboxylic acid as a potent ribonuclease inhibitor (Wadsworth et al. 1988) . Total RNA was separated on 1.15% agarose gels containing formaldehyde, transferred to a nylon membrane (Biodyne, Pall, Port Washington, NY, U.S.A.) and hybridized with the radiolabeled cDNA probes. An Ncol/Xhol fragment of the maize sucrose transporter cDNA (ca. 500 bp), which corresponds to the 3' terminal part containing the untranslated region of the clone, was used as a probe. An Apal fragment (ca. 300 bp), which corresponds to the 3' untranslated region of the clone, was also used as a probe. The following procedure was the same as the Southern blot analysis described above. To remove the probe, the hybridized membrane was washed with 2 x SSPE (150 mM NaCl, 10 mM NaH 2 PO 4 , 1 mM EDTA) containing 90% formamide and 10% SDS at 80°C for 3 h. A full-length cDNA clone of maize pyruvate.Pj dikinase (PPDK, Ishimaru et al. 1998) was also used as a probe.
Determination of carbohydrates-Samples of approximately 50 mg dry weight were powdered in liquid nitrogen using a mortar and pestle and extracted twice with 80% ethanol at 80°C. After centrifugation at 2,000 x g for 5 min, the supernatants were collected, dried in vacuo and used for the determination of sucrose and glucose by an enzymatic method (Bergmeyer and Bernt 1974) . The pellets, for determination of starch content, were boiled in distilled water for 2 h, digested with amyloglucosidase for 15 min at 55°C and the resultant glucose was determined enzymatically as described above. All enzymes for the determination were obtained from Boehringer Mannheim GmbH (Mannheim, Germany).
Results
Molecular cloning of sucrose transporter cDNA-To obtain cDNA clones of a maize sucrose transporter, a cDNA library from mature leaf blades of maize was screened with the full length of a rice sucrose transporter cDNA (OsSUTl, Hirose et al. 1997 ) as a probe. Six positive clones were obtained. Judging from their sequences, all of them were identified as cDNAs from the same gene, which we have named ZmSUTl. The longest clone encoded an open reading frame of 1,563 bp with a polyadenylation signal at the end of the 3' untranslated region. The deduced amino acid sequence of ZmSUTl protein showed 82% identity to the rice sucrose transporter ( Fig. 1 ) and 40 to 45% identities to sucrose transporters from dicot species. The predicted membrane topology of ZmSUTl protein contains 12 transmembrane helices ( Fig. 1) . Therefore, we identified ZmSUTl as a maize sucrose transporter cDNA. A phylogenetic tree based on the amino acid sequences of plant sucrose transporters showed that sucrose transporter proteins from monocot species, such as rice and maize, were clearly separated from dicot transporters (Fig. 2) .
Southern blot analysis-A genomic Southern blot analysis was carried out in order to estimate the number of genes coding for sucrose transporters related to ZmSUTl in the maize genome. Since the maize cultivar that we used for the gene cloning had an amphidiploid genome, inbred lines of Z.mays L. (A188 and Na21) were used for the analysis. A strong, single band was detected in the digested DNAs from each of the two inbred lines by the hybridization with the full length (Fig. 3) or the 3' untranslated region of ca. 300 bp (an Apal fragment, data not shown) of the ZmSUTl clone, as probes.
Northern blot analysis-A Northern blot analysis of total RNAs from several tissues of maize plants revealed only a single transcript, with a size of ca. 2000 nucleotides (Fig. 4) . In 14-d-old plants, ZmSUTl transcripts were detected in mature leaf blades but not in roots (Fig. 4A) . At the reproductive growth stage when ears were developing, a considerable amount of ZmSUTl transcript was observed not only in leaf blades but also in leaf sheaths, culms, glumaceous flowers, rachis-branches, husks and pedicels (corncobs), while no or very little transcript was detected in silks and developing kernels (Fig. 4B) . The same results were obtained when the 3' untranslated region of the ZmSUTl clone described above was used as a probe (data not shown).
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MAIZE 166 : TVQGPARAMM ADLCGHHGFf|l|ii|jiii|!i|i||iii GSTNNWHKWF PFLLTNACCE ******** * *•* * *** ********* * ******** ********** *** * **** RICE 181 : TVQGPARALM ADLSGRHGP §liJiip!|S GSTNNWHKWF PFLKTRACCE MAIZE 226 : ACANLKiy!i|!|ilil|!i|il!illii!i!iNEV PYRGNQNLPT KANGEVETEP SGPLAVLKGF ********** *** •* * * ** ** ** * * * *** * * * * ********* RICE 241 : ACANLI^|lllll|!l!llll!l!lKEV PFKGNAALPT KSNEPAEPEG TGPLAVLKGF MAIZE 286 : KNLPTCgjgJiiJI^^ WMGREIYHGD PKGSNAQISA FDEGVRVHH ********* * ******** ********** ********** *** ** * * *** * * RICE 301 : WMGREIYHGD PKGTDPQIEA FNQGVR$i| Fig. 1 Comparison of the amino acid sequences deduced from the cDNA clones ZmSUTl (MAIZE) and OsSUTl (RICE). The amino acid sequences are in the one-letter code and have been aligned by introducing gaps (--) to maximize identity. Stars indicate identical amino acid residues, and the highlighted regions represent putative membrane-spanning domains. A histidine residue (box) at the first extracellular loop is conserved in monocot sucrose transporters as well as in dicot transporters and is involved in sucrose binding.
grown for 3 more d in the dark or in the light. The ZmSUTl transcript was abundant in the shoots of the light-grown seedlings (which had turned green) but hardly present in the dark-grown seedlings, in contrast to high level in the seeds (Fig. 5) .
In expanding leaf blades, the amount of ZmSUTl transcript increased gradually from the basal parts, which were pale-green and unexpanded, to the tip parts, which were deep green and fully expanded (Fig. 6 ).
The amount of ZmSUTl transcript in completely expanded leaf blades fluctuated widely over a 24-h period: the transcript level increased during the day, reached the maximum level at the end of the daylight period, and declined during the night (Fig. 7A) . The time course of diurnal change in the expression of ZmSUTl was quite similar to the time courses of diurnal change in the amounts of carbohydrates such as sucrose, glucose and starch in the leaf blades (Fig. 7B) leaf blades by a transpiration stream in the middle of the daylight period, the concentrations of sucrose and glucose were up to 4 times higher than those in the control detached leaf blades treated with distilled water, whereas the starch content was halved by the sucrose-feeding treatment (Fig. 8) . The amount of ZmSUTl transcript was higher in the high-sugar leaf blades than in the control leaf blades and, conversely, the transcript level of the gene for a C 4 -type PPDK was higher in the control (Fig. 8) .
Discussion
ZmSUTl is the second cDNA for a sucrose transporter that has been cloned from a monocot species other than rice and the first one from a C 4 species. It encodes a protein of 521 amino acids with a predicted molecular mass of 55.2 kDa and an estimated pi of 8.11. It is evident that ZmSUTl is a sucrose transporter from its sequence homology to known transporters. The deduced amino acid sequence of ZmSUTl protein shows a strong similarity 7-Q identical residues) to the rice sucrose transporter that has been identified by functional expression in yeast (Hirose et al. 1997 ). Lu and Bush (1998) yeast that a diethyl pyrocarbonate-sensitive histidine residue, which is located at position 65 (His-65) of the sucrose transporter protein from Arabidopsis thaliana (AtSUCl), was involved in sucrose binding in the transport process. They also showed that His-65 is conserved among the sucrose/H + symporters cloned from several dicot species, and that it is located in the first extracellular loop. A corresponding histidine residue in the first extracellular loop is also conserved in two monocot species: His-69 in maize (Fig. 1) and His-84 in rice (Hirose et al. 1997 ). This region is also quite highly conserved among all sucrose transporters cloned to date (data not shown). This strongly indicates that ZmSUTI protein is a sucrose/H + symporter similar to OsSUTl, AtSUCl and other known sucrose transporters.
ZmSUTI was highly expressed in green leaf blades of both young and mature maize plants (Fig. 4) , and in the shoots of seedlings only after greening had been induced by illumination (Fig. 5) . This suggests that the expression of the gene can be induced by the development of photosynthetic tissues and that the function of the gene product is involved in photosynthesis. In expanding leaf blades of maize, a developmental gradient exists with the youngest cells at the base and the oldest cells at the tip, as a conse-quence of cell division patterns (Sharman 1942) . Along with the developmental gradient from the base to the tip, leaf anatomy is established and photosynthetic enzymes are induced, and consequently, physiological function changes from sink to source: the base part imports assimilates while the tip part exports them Rangdale 1992, Prioul 1996) . As the expression of ZmSUTl increased gradually from the base part to the tip part in expanding leaf blades (Fig. 6) , the expression of the sucrose transporter appears to be promoted by developmental factors during the sink-to-source transition process in developing leaf blades. Based on this result, it is thought that ZmSUTl protein is involved in the transport of sucrose in source leaf blades. The maize sucrose transporter probably plays a role in the export of accumulated carbohydrates from source leaf blades, because, in mature leaf blades, the expression of the gene for the sucrose transporter increased with increasing carbohydrate levels (Fig. 7) .
The time course of diurnal change in the expression of ZmSUTl in expanded leaf blades of maize (Fig. 7) is almost consistent with the time course of the light-dependent expression of a gene for a sucrose transporter in source leaves of potato and tomato (Kiihn et al. 1997) . This suggests that a specific mechanism, which probably is common among plant species, is involved in the lightdependent expression of the sucrose transporters in the source leaf. The abundance of soluble sugars such as sucrose and glucose in the leaf blades coincided with a considerable accumulation of ZmSUTl transcript (Fig. 7, 8 ) and with a decline in the transcript level of the gene for a C 4 -type PPDK (Fig. 8) . The PPDK gene is one of several photosynthetic genes whose transcription is repressed by an abundance of soluble sugars such as glucose (Sheen 1990, Jang and Sheen 1994) . In the source leaf blades of maize, the expression of the maize sucrose transporter, in contrast to the expression of the PPDK, appears to be positively regulated at the transcriptional level by the amount of soluble sugars. The transcription of the sucrose transporter gene could be controlled via a proposed mechanism of sugar-sensing for some genes whose transcription is enhanced by soluble sugars (Koch 1996 , Lalonde et al. 1999 ).
Furthermore, it should be noted that starch content was lowered when sucrose was fed into detached leaf blades under illumination for 2 h (Fig. 8) . This may be caused by the repression of photosynthetic genes such as a PPDK gene by soluble sugars (Sheen 1994 , Koch 1996 . Further experiments are needed to elucidate the mechanism of this decline in starch content in the sucrose-fed leaves.
Evert and his coworkers showed that, in maize leaf blades, plasmodesmal connections were highly developed between the mesophyll cells and the bundle sheath cells and between the bundle sheath cells and the vascular parenchyma cells, and thus, the transport process of photoassimilates seemed to be symplastic (Evert et al. 1977 (Evert et al. , 1978 . They also observed that two types of sieve tubes possessing either thick or thin walls exist in the vascular tissue (Evert et al. 1978) . The thick-walled sieve tubes present abundant cytoplasmic connections with the vascular parenchyma cells but are not associated with their companion cell. In contrast, the thin-walled sieve tubes have abundant connection with their companion cells but very few with the vascular parenchyma cells. Furthermore, Fritz et al. (1983) showed that the thin-walled sieve tubes are capable of accumulating sucrose and photoassimilates from the apoplast and exporting them out of the leaf. As mentioned in the Introduction, a sucrose/H + symporter is thought to be involved in the apoplastic phloem loading pathway for long distance transport of photoassimilates. ZmSUTl protein may act as the sucrose/H + symporter involved in the apoplastic pathway from the vascular parenchyma cells to the thin-walled sieve tubes, although it's localization within maize leaf blades remains unclear. To clarify the physiological importance of the sucrose transporter in phloem loading in the leaf blades of maize, a sucrose export defectivel (sedl) maize mutant would be quite useful. In source leaf blades of the mutant, the ability to export [ 14 C]-labeled photoassimilates was deficient and only the plasmodesmata at the bundle sheath-vascular parenchyma cell interface were structurally modified (Russin et al. 1996) . It is interesting to investigate whether ZmSUTl is normally expressed in leaf blades of the mutant.
In some dicot species such as Arabidopsis thaliana , Plantago major (Gahrtz et al. 1994 (Gahrtz et al. , 1996 and carrot (Shakya and Sturm 1998) , the existence of two or more sucrose transporters has been reported. On the other hand, either ZmSUTl (Fig. 3, 4) or OsSUTl (Hirose et al. 1997 ) appears to be a single copy, although we cannot rule out the existence of other distantly related sucrose transporters in these two monocot species. ZmSUTl was expressed in various tissues other than the mature leaf blade (Fig. 4) , suggesting that a carrier protein probably acts in various tissues of maize plants. In fact, sucrose transporters might be needed even in non-photosynthetic organs such as germinating seeds, leaf sheaths and culms, in order to export the carbohydrates that have been stored or accumulated in the form of starch. Furthermore, it should be noted that a considerable amount of ZmSUTl transcript was also detected in pedicel tissues of ears. The possibility that a sucrose transporter can act in the pedicel tissues is consistent with a proposed unloading pathway in the phloem of maize ears (Porter et al. 1986 ). Therefore, the sucrose transporter encoded by ZmSUTl may play two physiologically distinguishable roles in the translocation of sucrose in maize plants: one is in the loading of synthesized sucrose into phloem in source tissues such as leaf blades, germinating seeds and so on, and the other is in the unloading of translocated sucrose from phloem in sink tissues such as pedicels.
